Leptin is well known for its role in the regulation of energy homeostasis in adults, a mechanism that at least partially results from the inhibition of the activity of NPY/AgRP/GABA neurons (NAG) in the arcuate nucleus of the hypothalamus (ARH). During early postnatal development in the rodent, leptin promotes axonal outgrowth from ARH neurons, and preautonomic NAG neurons are particularly responsive to leptin's trophic effects. To begin to understand how leptin could simultaneously promote axonal outgrowth from and inhibit the activity of NAG neurons, we characterized the electrochemical effects of leptin on NAG neurons in mice during early development. Here, we show that NAG neurons do indeed express a functional leptin receptor throughout the early postnatal period in the mouse; however, at postnatal days 13-15, leptin causes membrane depolarization in NAG neurons, rather than the expected hyperpolarization. Leptin action on NAG neurons transitions from stimulatory to inhibitory in the periweaning period, in parallel with the acquisition of functional ATP-sensitive potassium channels. These findings are consistent with the idea that leptin provides an orexigenic drive through the NAG system to help rapidly growing pups meet their energy requirements.
Introduction
Central circuits regulating food intake develop in response to postnatal cues, which ensure that activity levels are appropriate for the availability of nutrients in the postnatal environment. Neonatal rodents receive all necessary nutrition from suckling until postnatal day (P) 15-16, when they transition to independent ingestion (Swithers, 2003) . This shift provides additional energy resources for intensive growth and helps initiate autonomic ingestive behavior needed for successful weaning. It has been demonstrated that several hypothalamic circuits that regulate energy balance are formed during the postnatal period (Bouret, 2013) , indicating that there are likely long-lasting effects of the postnatal environment on the control of energy expenditure later in life. In the arcuate nucleus of the hypothalamus (ARH), neurons coexpressing neuropeptide Y (NPY), agoutirelated peptide (AgRP), and GABA are orexigenic and are sufficient to regulate direct food intake (denoted collectively as NAG neurons) (Aponte et al., 2011 (Aponte et al., , 2012 Krashes et al., 2013) . Separate populations of ARH neurons express the POMC peptide and are anorexigenic . Both NAG and POMC neuronal activity are regulated by peripheral hormones, such as leptin (Myers et al., 2008) .
Leptin is a homeostatic signal from adipose tissue, which acts at least partially in ARH and is known to control energy homeostasis and decrease food intake. NAG neurons are inhibited by leptin through the activation of ATP-sensitive potassium channels (K ATP ) via phosphoinositide-3-kinase (PI3-K) (Spanswick et al., 1997; van den Top et al., 2004) . In contrast, leptin signaling in POMC neurons leads to increased neuronal activity and augments the synthesis of POMC peptides (Mizuno et al., 1998; . The regulation of hypothalamic neurons by leptin in neonatal rodents appears to be different from that observed in adults. Leptin levels are 2-3 times higher during the second postnatal week than in adults (Ahima and Hileman, 2000) , yet there is no evidence to suggest that leptin modulates food intake or energy expenditure at this early stage (Ahima and Hileman, 2000) . Indeed, leptin does not acquire its expected anorectic effect until the fourth week of postnatal life (Mistry et al., 1999) , when projections from NAG and POMC neurons are fully developed (Bouret et al., 2004a; Grove et al., 2005) .
Leptin can directly activate its receptor in NAG neurons and promotes axonal outgrowth via p-Stat3 at P15 (Draper et al., 2010; Bouret et al., 2012) . Because robust energy intake is important for normal growth and development, it seems counterintui-tive that the postnatal leptin surge would simultaneously promote axonal outgrowth and inhibit neuronal activity in NAG neurons. In the present study, we investigated the direct effect of leptin on NAG neurons during the first 4 weeks of postnatal life. We also fully characterized the expression pattern of functional leptin receptors in NAG and POMC neurons throughout development. Our results support the hypothesis that leptin activates a subpopulation of NAG neurons in immature animals, which generates an orexigenic drive to support rapid growth and development.
Materials and Methods
Animals. NPY-hrGFP and (Rosa)26sor-tomato (TOM) mice were purchased from The Jackson Laboratory. Leptin receptor (Lepr)-Cre mice were provided by Dr. M.G. Myers (Leshan et al., 2006) . All animals were group housed under a 12 h light-dark cycle, and food and water were available ad libitum. Litters were from 6 to 9 pups, and mice were weaned at P21. Only males were used in our studies after weaning. The Oregon Health & Science University Institutional Animal Care and Use Committee or University of Columbia Institutional Animal Care and Use Committee approved all experiments.
Immunohistochemistry. Mice received an intraperitoneal injection of either leptin (4 mg/kg) or 0.9% NaCl and were kept for 45 min in the cage. Pups from P10 -P15 were injected after being removed from their dam. P25 and older mice were fasted overnight before being injected.
Mice were then sedated with Avertin (2.5 mg/10 g, Sigma) and perfused with 4% PFA in 0.1 M phosphate (PB) buffer. Brains were removed and postfixed overnight at 4°C, then cryoprotected with 30% sucrose in PB buffer. Cryoprotected tissue was embedded in OCT (Tissue Tek) and frozen at Ϫ80°C. The 10-m-thick coronal sections were collected on slides, and quantitative analyses were performed on 4 -6 sections that spanned Ϫ1.055 mm to Ϫ2.055 mm from bregma (Allen Mouse Brain Atlas; http://mouse.brain-map.org). For young pups, anatomical landmarks, such as the hippocampus and optic tract, were used to choose sections from an equivalent region. In all graphs, counts are expressed per hemisection.
Primary antibody incubation for p-Stat3 and c-Fos was conducted as previously reported (Padilla et al., 2012) . Briefly, brain sections were incubated in rabbit anti-phospho-Stat3 (1:500, Cell Signaling Technology, #913) and rabbit anti-cFos (1:500, Calbiochem, #PC38) overnight at 4°C. Secondary antibodies were goat anti-rabbit-Cy3 (1:500, Jackson ImmunoResearch Laboratories, #115-165-205) or goat anti-rabbit Cy5 (1: 200, Jackson ImmunoResearch Laboratories, #711-175-152). Before mounting (VectaShield #H-1400), sections were incubated with DAPI (1:500) for 10 min.
FISH. Frozen sections were processed with TSA Plus Cy3 system (PerkinElmer) following the manufacturer's instructions. Antisense digoxigenin-labeled riboprobes were generated from plasmids containing PCR fragments of NPY 5Ј-TGCTAGGTAACAAGCGAATGG-3Ј/5Ј-AACAACAACAAGGGAAATGG-3, and POMC 5Ј-TTAAGAGCAGT GACTAAGAGAGGC-3Ј/5Ј-CCTAACACAGGTAACTCAAGAGGC-3Ј. Images and quantification were performed with a well-established technique (Padilla et al., 2010) . Briefly, fluorescent microscopy was performed using a Nikon Eclipse 80i equipped with a Retiga EXi camera and X-Cite 120 fluorescent illumination system. TIFF files were acquired using Q Capture Pro software (Qimaging) and analyzed using Adobe Photoshop CS5. Before the FISH protocol, sections were stained with DAPI and imaged for fluorescent markers. Using Photoshop, pre-and post-FISH images were aligned using the DAPI as a reference to generate a composite image. Cells were counted in Photoshop, and fluorescent markers that did not have a corresponding DAPI-stained nucleus were excluded from our counts.
Generation of leptin receptor (Lepr)-Cre:tdtomato(TOM) reporter mice. Rosa26sor-tomato mice were crossed with the Lepr-Cre mice to create a fluorescence marker of leptin receptors in ARH during postnatal development. To elucidate the efficiency of the TOM (red fluorescence) expression under the control of leptin receptor in ARH, we performed immunohistochemistry for p-Stat3 in the Lepr-TOM mice at P5, P15, P25, and adult (see Fig. 1 A, B) .
Electrophysiology. All recordings were performed in ARH NPY-GFP ϩ neurons at the following ages: P13-P15, P21-P23, P25-P27, P30, and adult. Coronal slices containing ARH were prepared as previously described (Qiu et al., 2010) . Briefly, brain slices (250 -300 M) containing ARH were maintained with constant flow (1-2 ml/min) of aCSF containing the following (in mM): 124 NaCl, 5 KCl, 2.6 NaH 2 PO 4 , 2 MgSO 4, 1 CaCl 2 , 10 HEPES, 10 glucose; oxygenated (95% O 2 , 5% CO 2 ) osmolarity ϳ300 at 32°C-33°C. Murine leptin (100 nM) was made up in aCSF (PeproTech). TTX was prepared from a 2 mM stock solution (Alomone Labs). Tolbutamide was prepared from a stock solution of 1 M (Sigma).
For current-clamp experiments, microelectrodes had resistances of 3-6 M⍀ and were filled with an internal solution containing the following (in mM): 125 K-gluconate, 2 KCl, 10 EGTA 5 HEPES, 1 ATP, 0.3 GTP; pH 7.25 with KOH, osmolarity ϳ295 mosmM. Data acquisition was performed using a multiclamp 700B amplifier (Molecular Devices). Data were filtered at 3 KHz and sampled at 5-10 KHz using a computer interface Digidata 1322 and pClamp 9.2 software (Molecular Devices). The liquid junction potential of 5 mV was corrected in the analysis.
RT-PCR for K ATP gene expression in ARH. Micropunches containing ARH were obtained from P13-P15, P21-P23, P25-P27, P30, and adults. cDNA was isolated using M-MLV reverse transcriptase (Promega). The following primer pairs were designed to amplify Kir 6.1: forward 5Ј-GCACACAA-GAACATCCGAGA-3Ј, reverse 5Ј-GGCTGAAAATCAGCGTCTCT-3Ј; Kir 6.2: forward 5Ј-CAAGATGCACTTCAGGCAAA-3Ј, reverse 5Ј-GTCACAGGTGGGAGGCTTTA-3Ј; SUR1: forward 5Ј-TTCTGCAGC-CCTTCGTGAAT-3Ј, reverse 5Ј-GCTTGCAGGAACGTCCTTTG-3Ј; SUR2: forward 5Ј-GGAGACCAAACTGAAATCGG-3Ј, reverse 5Ј-TGCGTCACAAGAACAACCG-3Ј; and AgRP: forward 5Ј-GGCCTCAA-GAAGACAACTGC-3Ј, reverse 5Ј-TGCGACTACAGAGGTTCGTG-3Ј. PCR was performed with a primer final concentration of 200 nM. The 25 l reactions were incubated at 94°C for 3 min, 35 cycles of amplification at 94°C for 30 s, 60°C for 1 min, and 72°C for 3 min, with a final extension step of 7 min at 72°C. PCR products were visualized in an ethidium bromide-stained agarose gel (1.5%). All PCR products were sequenced using an automated DNA Sequencer ABI 3730 XL (Applied Bioscience). Partial sequences for each product were examined using the BLAST 2.0 search engine (National Center for Biotechnology Information).
Data analysis. All data are expressed as mean Ϯ SEM. Statistical comparisons were performed using paired, unpaired t tests, two-way ANOVA, and ANOVA as appropriate. Bonferroni correction and Tukey's test were used for post hoc analysis; p Ͻ 0.05 was considered significant.
Results

Ontogeny of leptin-sensing neurons in ARH
To characterize the temporal pattern of leptin receptor expression in ARH neurons, we used (Lepr)-Cre:tdtomato(TOM) reporter mice (Leshan et al., 2006), as well as leptin-induced p-Stat3 immunohistochemistry ( Fig. 1 A, B) . Through the first 2 weeks of postnatal development, there is a delay in the appearance of Lepr-TOM ϩ pSTAT3 ϩ double-positive cells relative to TOM ϩ or P-STAT3 ϩ cells (Fig. 1A) . Between P15 and 25, the number of double-positive cells (TOM/p-Stat3) increased from 30 to 50 per hemisection. In adults, we detected the expression of TOM reporter in 70% of p-STAT3 ϩ ARH neurons, which is consistent with previous reports (Scott et al., 2009; Caron et al., 2010) . As there is a close correspondence between cells that express an NPY-GFP reporter and Npy transcripts detected by FISH, these techniques were used interchangeably to mark NAG neurons (Fig. 1C,D) . For analyses of POMC neurons, we exclu- sively relied on Pomc-FISH because we observed transient mismatch between POMC-GFP and Pomc-FISH throughout the first 4 weeks of life (Fig. 1D ). For example, ϳ30 -40% of POMC-GFP neurons coexpress detectable levels of Pomc mRNA at P15. This mismatch is consistent with a previous analysis of embryonic POMC-GFP ϩ neurons (Padilla et al., 2012) . We characterized the acquisition of the Lepr-Cre lineage trace in both NAG and POMC neurons across the postnatal period ( Fig. 2A) . Throughout the first 2 postnatal weeks, the percentage of Lepr-TOM colocalization with NAG neurons stayed consistent, ranging between 40% and 50%. In contrast, the colocalization of Lepr-TOM in POMC-expressing neurons during this stage was Ͻ10%-20%. By the end of the third postnatal week, colocalization of Lepr-TOM with both NAG and Pomc mRNA increased dramatically (75% and 78%, respectively; Fig. 2B ). In the adult, colocalization of Lepr-TOM with NAG and Pomcexpressing neurons was ϳ70% and 65%, respectively (Fig. 2B ). Similar findings in ARH of adults have been reported by others (Baskin et al., 1999) . Together, our results indicate that, during the early postnatal period, leptin's primary actions in ARH are on NAG neurons, and not POMC neurons.
Leptin activates NAG neurons in ARH during development
Because leptin is reported to transduce p-Stat3 signals in ARH from P5 (Frontini et al., 2008), we next investigated the ability of exogenous leptin to activate its downstream signaling cascade in NAG neurons during postnatal development. Through P10, leptin induced p-Stat3-immunoreactivity (ir) in relatively few cells, most of which were NPY-GFP ϩ ( Fig. 3C ; n ϭ 4 -6 sections, 3 or 4 animals, p Ͼ 0.05, two-way ANOVA with Bonferroni correction revealed a significant increase in pStat3 expression by leptin injection, F (1, 20) ϭ 27.65, p Ͻ 0.0001, and was used for all ages in this figure). Between P10 and P15, the percentage of p-Stat3-ir NAG neurons that responded to leptin increased from 15% to 35% (Fig. 3 A, C ; n ϭ 4 -6 sections, 3 or 4 animals, t (20) ϭ 3.3, p Ͻ 0.05). These results are consistent with previous studies from our group (Draper et al., 2010) . Through the third and fourth weeks of life, the percentage of p-Stat3 colocalization with NAG neurons remained consistent, ranging from 35% to 40% (n ϭ 4 -6 sections, 3 or 4 animals, t (20) ϭ 3.4, p Ͻ 0.05). This was similar to expression in adults where the percentage of p-Stat3 colocalization with NAG was ϳ40% ( Fig. 3C ; n ϭ 4 -6 sections, 3 or 4 animals, t (20) ϭ 3.1, p Ͻ 0.05).
Throughout postnatal development, young animals need to maximize food intake to support rapid growth. Given our results from both colocalization and p-Stat3 studies, we tested the hypothesis that exogenous leptin may be able to induce changes in c-Fos expression (a marker of cell activation) in NAG neurons to stimulate energy consumption. Indeed, we observed that, during the first 2 weeks of life, leptin induced c-Fos-ir in 15%-20% of NAG neurons (Fig. 3 B, D ; n ϭ 4 -6 sections, 2-5 animals, P10, p Ͼ 0.05, P15, t (19) ϭ 4.1, p Ͻ 0.01, two-way ANOVA with Bonferroni correction revealed a significant increase in c-Fos expression by leptin injection, F (1,19) ϭ 27.78, p Ͻ 0.0001, this analysis was used for all ages in Fig. 3D ). The percentage of c-Fos colocalization with NAG neurons remained consistent ranging from 15% to 20% by the end of the third week (n ϭ 4 -6 sections, 2-5 animals, t (19) ϭ 2.8, p Ͻ 0.05), which corresponds with the initiation of autonomic feeding behavior. As animals reached adulthood, c-Fos expression in NAG neurons was low (Fig. 3 B, D ; n ϭ 4 -6 sections, 2-5 animals, p Ͼ 0.05), consistent with the wellestablished inhibitory effects of leptin on these neurons in adults (van den Top et al., 2004) .
Differential actions of leptin on NAG neurons during development
There is a vast amount of literature regarding the role of leptin in energy homeostasis during postnatal development (Grove et al., 2005; Bouret, 2013) . However, the ability of leptin to inhibit food intake does not become evident until P28 (Mistry et al., 1999) . Because NAG neurons are considered orexigenic, we examined the role of leptin to acutely regulate NPY-GFP ϩ neuronal activity in ARH during postnatal development. Although our immunohistochemistry studies showed evidence that leptin activates p-Stat3 as early as P10, we chose to begin our electrophysiological studies at P13-P15 because this is when pups initiate independent food intake (Swithers, 2003) . All recordings were performed in acute coronal brain slices containing ARH at the following ages: P13-P15, P21-P23, P25-P27, P30, and adult (P60 -P90). A maximum effective dose of leptin 100 nM was used for all experiments (Cowley et al., 2001 ). In current-clamp mode, NPY-GFP neurons from P13-P15 mice showed membrane depolarization in the presence of leptin. The magnitude of the depolarization was 5.9 Ϯ 0.4 mV in ϳ55% of neurons tested ( Fig. 4A ; n ϭ 31 cells, 26 animals, t (8) ϭ 12.2, p Ͻ 0.0001, paired t test), consistent with the percentage of NPY-GFP neurons that coexpress the Lepr-Cre TOM lineage trace (Fig. 2B) . Moreover, we did not observe leptin-mediated inhibition of NAG neurons at this age. At P21, when pups are capable of maintaining independent food intake (Swithers, 2003), we observed that leptin induced two different functional responses on NAG neurons. First, leptin caused membrane depolarization (6.9 Ϯ 0.5 mV) in 41% of ARH NPY-GFP ϩ neurons (5 of 12 cells, 12 animals, t (4) ϭ 11.6, p ϭ 0.0003, paired t test). Second, leptin caused membrane hyperpolarization (7.8 Ϯ 1.4 mV) in 25% of ARH NPY-GFP ϩ neurons ( Fig. 4B ; 3 of 12 cells, 12 animals, t (2) ϭ 5.4, p ϭ 0.0316, paired t test). Leptin-induced hyperpolarization in NAG neurons, at P21-P23, exhibited the same electrical properties produced by leptin actions in adult NAG neurons (Spanswick et al., 1997) . Furthermore, it is important to note that the differential actions of leptin on NAG neurons were observed in different cells from the same animal. Through the end of the fourth week (P25-P27), leptin continued to induce membrane depolarization (9 Ϯ 0.8 mV) in 26% of NPY-GFP ϩ neurons ( Fig. 5A ; 5 of 19 cells, 12 animals, t (4) ϭ 11, p ϭ 0.0004, paired t test). At the same time, we observed that the percentage of ARH NPY-GFP ϩ neurons that exhibited leptin-mediated membrane hyperpolarization (6.7 Ϯ 1 mV) increased to ϳ32% (6 of 19 cells, 12 animals, t (5) ϭ 7.5, p ϭ 0.0007, paired t test). After the fourth week (P30), we found that leptin only causes membrane hyperpolarization (7.5 Ϯ 1.2 mV) in ϳ66% of ARH NPY-GFP ϩ neurons ( Fig. 5B ; 5 of 8 cells, 4 animals, t ϭ 5.8, df 4 p ϭ 0.0043, paired t test), similar to the level observed in adults. In the adult, leptin-induced membrane hyperpolarization (7.1 Ϯ 0.3 mV) in ϳ57% of ARH NPY-GFP ϩ neurons ( Fig. 5C ; 12 of 21 cells, 10 animals, t (10) ϭ 22.5, p Ͻ 0.0001, paired t test). These results are consistent with wellknown inhibitory effects of leptin in adult NAG neurons (van den Top et al., 2004) .
To determine whether leptin-mediated depolarization on NAG neurons during postnatal development is acting at least partially directly on the cell, we evaluated the effects of leptin on the membrane potential of ARH NPY-GFP ϩ neurons at P13-P15 in the presence of the sodium channel blocker TTX (1 M). Under these conditions, leptin 100 nM depolarized the membrane potential by 6.4 Ϯ 0.5 mV in ϳ45% of neurons ( Fig. 6A ; 8 of 18 cells, 18 animals, ANOVA with post hoc Tukey's revealed significant changes in membrane potential, F (1.8,13.1) ϭ 67.07, p Ͻ 0.0001, resting membrane potential (RMP) vs TTX ϩ leptin, q ϭ 0.6, df 7, p Ͻ 0.0001, TTX vs TTX ϩ leptin, q ϭ 12.94, df 7, p Ͻ 0.0001). When similar experiments were conducted in adult ARH NPY-GFP ϩ neurons, we observed that leptin hyperpolarized the membrane potential by 7.1 Ϯ 0.6 mV in ϳ45% of the neurons ( Fig. 6B ; 5 of 11 cells, 7 animals, ANOVA post hoc Tukey's shows significant changes in membrane potential, F (1.3,5.3) ϭ 64.06, p ϭ 0.0003, RMP vs TTX ϩ leptin, q ϭ 5, df 4, p Ͻ 0.01, TTX vs TTX ϩ leptin, q ϭ 12.2, df 4, p Ͻ 0.001).
The electrical properties of NAG neurons changed across postnatal development
During the first 2 weeks of life (P13-P15), NAG neurons had an RMP of Ϫ56 Ϯ 2.3 mV, and only 47% of the neurons tested exhibited frequent spontaneous action potentials (n ϭ 31 cells, 26 animals). As pups initiated autonomic feeding (P21-P23), NAG neurons exhibited RMP of Ϫ54 Ϯ 1 mV and the percentage of NAG neurons that exhibited frequent spontaneous action potentials remained at 50% (n ϭ 12 cells, 14 animals). By the end of the fourth week of life (P25-P27), NAG neurons began to display similar baseline characteristics as adult NAG neurons. The number of ARH NPY-GFP ϩ neurons exhibiting frequent spontaneous action potentials increased to ϳ91%, and the RMP was Ϫ57 Ϯ 1.4 (n ϭ 19 cells, 12 animals). After 1 month of age (P30), the percentage of frequent spontaneous action potentials in NPY-GFP ϩ neurons and the RMP stayed consistent (Ϫ56 Ϯ 2 mV, n ϭ 8 cells, 4 animals). In adults, we observed that the RMP was slightly reduced to Ϫ52 Ϯ 1 mV, and 90% of ARH NPY-GFP ϩ neurons fired spontaneous action potentials (n ϭ 21 cells, 10 animals).
Differences in leptin signaling and regulation of NAG neurons during postnatal development
Leptin regulation of NAG neuronal activity is well characterized in adult rodents. Activation of LepRb receptors in NAG neurons by leptin causes membrane hyperpolarization through the phosphorylation of K ATP channels via PI3-K (Williams et al., 2009). To examine whether K ATP channels are downstream effectors of the leptin signaling cascade during postnatal development, we recorded leptin-mediated responses in ARH NPY-GFP neurons at P13-P15, P25-P27, P30, and adults in the presence of tolbutamide 200 M, a potent K ATP channel antagonist (Spanswick et al., 1997) . At P15, when pups initiated ingestion of solid food, 59% of NAG neurons were depolarized by leptin and application of tolbutamide did not alter leptin-mediated membrane depolarization. The magnitude of the depolarization was 6.9 Ϯ 0.9 mV in the presence of leptin and 13.7 Ϯ 2.3 mV in the presence of leptin ϩ tolbutamide ( Fig. 7A ; 7 of 12 cells, 8 animals, RMP vs Lep, q ϭ 10.7, df 6, p Ͻ 0.001, RMP vs Lep ϩ Tol, q ϭ 8.1, df 6, p Ͻ 0.01, ANOVA post hoc Tukey's F (1.1,6.7) ϭ 30.11, p ϭ 0009). Given the similarity in responses to leptin between P21-P23 and P25-P27 (Figs. 4B and 5A ), we chose P25-P27 for this set of experiments. Current-clamp recordings in ARH NPY-GFP ϩ neurons at P25-P27 revealed that ϳ26% of the leptin-mediated responses caused membrane depolarization of 9 Ϯ 0.8 mV, which were enhanced by the addition of tolbutamide (15.4 Ϯ 2.5 mV, 6 of 19 cells, 12 animals, RMP vs Lep, q ϭ 15.6, df 4, p Ͻ 0.001, RMP vs Lep ϩ Tol, q ϭ 8.6, df 4, p Ͻ 0.01, ANOVA post hoc Tukey's, F (1,4.1) ϭ 35.04, p ϭ 0.0035). In contrast, leptin inhibited ϳ32% of ARH NPY-GFP ϩ neurons at P25-P27, with membrane hyperpolarization of 6.7 Ϯ 1 mV (5 of 19 cells, 12 animals, RMP vs Lep, q ϭ 10.6, df 5, p Ͻ 0.01, RMP vs Lep ϩ Tol, q ϭ 8.6, df 5, p Ͻ 0.05, ANOVA post hoc Tukey's, F (1.2,6) ϭ 33.8, p ϭ 0.0009). The presence of tolbutamine blocked the inhibitory effects of leptin, consistent with a role for K ATP channels in leptin signaling transduction in NAG neurons at this age (Fig.  7B) . By P30, NAG neurons exhibited an adult-like phenotype, with leptin-induced membrane hyperpolarization of 7.4 Ϯ 1.6 mV that was blocked by application of tolbutamide ( Fig. 7C ; 4 of 7 cells, 4 animals, RMP vs Lep, q ϭ 6.3, df 3, p Ͻ 0.05, Lep vs Lep ϩ Tol, q ϭ 6.1, df 3, p Ͻ 0.05, ANOVA post hoc Tukey's, F (1.2,3.6) ϭ 17.21, p ϭ 0.01). In summary, we found that tolbutamide blocked the inhibitory effects of leptin on NAG neurons after weaning and in the adult (Figs. 7 B, C and 8 ; for adult only, 3 of 7 cells, 3 animals, RMP vs Lep, q ϭ 13.3, df 2, p Ͻ 0.05, RMP vs Lep ϩ Tol, q ϭ 12.7, df 2, p Ͻ 0.05, ANOVA post hoc Tukey's, F (1.3,2.7) ϭ 112.5, p ϭ 0.0026), consistent with reports that glucose-responsive neurons in the rat ARH are inhibited by leptin through activation of K ATP channels (Spanswick et al., 1997) .
Acquisition of functional K ATP channels in developing NAG neurons
We next examined when NAG neurons begin to express key components of K ATP channels. In adults, K ATP channels are heteromultimeric protein complexes consisting of two subunits: an inward rectifying K ϩ channel (Kir6.1 or Kir6.2) and a sulfonylurea receptor (SUR1 or SUR2). All four subunits (Kir6.1, Kir6.2, SUR1, and SUR2) are expressed in the hypothalamus (Karschin et al., 1997; Miki et al., 2001; Ibrahim et al., 2003) . To determine whether expression of K ATP channels differs with age, we used two approaches to assess K ATP channel function, at the same stages: (1) PCR from micro-punches isolated from ARH at P13-P15, P21-P23, P25-P27, P30, and adult; and (2) currentclamp recordings were performed in brain slices containing ARH from a NPY-GFP mice using 50 M diazoxide, a potent agonist of K ATP channels (van den Top et al., 2007) .
During the second week of life (P13-P15), we did not detect expression of any K ATP channel components in the ARH, and the K ATP channel opener diazoxide failed to modify neuronal activity in NAG neurons at this postnatal age (Figs. 9A and 10A; 6 of 6 cells, 6 animals, p ϭ 0.2675, paired t test). At P21-P23, we could detect Kir6.1, Kir6.2, SUR1, and SUR2 expression in ARH (Fig.  9B) . At this age, only half of the NAG neurons showed functional K ATP channels, and activation of K ATP channels by diazoxide treatment led to a subtle membrane hyperpolarization (3.6 Ϯ 1.3 mV; Fig. 10B ; 5 of 9 cells, 2 animals, p ϭ 0.2593, paired t test). By the end of the fourth week (P25-P27), the number of functional channels in NAG neurons increased to ϳ71%. There was also a 1.75-fold increase in the magnitude of diazoxide effects on NAG neurons (6.3 Ϯ 0.4 mV; Figs. 9C and 10C; 5 of 7 cells, 3 animals, t (4) ϭ 15.2, p ϭ 0.0001, paired t test). After P30, K ATP channels in ARH shared similar functional properties with adult NAG neurons (Fig. 9D) ; 100% of the NPY-GFP ϩ neurons responded to diazoxide, and the effects were 2.93-fold greater than at P21 (9.1 Ϯ 0.7 mV; Fig. 10D ; 7 of 7 cells, 2 animals, t (6) ϭ 11.7, p Ͻ 0.0001, paired t test). In adults, all four K ATP components were expressed in ARH, and diazoxide caused membrane hyperpolarization in 100% of NAG neurons (5.7 Ϯ 0.7 mV, Figs. 9E and 10E; 6 of 6 cells, 3 animals, t (5) ϭ 9.4, p ϭ 0.0002, paired t test).
Discussion
In the present study, we examined the ontogeny of leptin receptors in ARH throughout the first 4 weeks of life. During the first 2 weeks of life, we found that most of the LepRb receptors are colocalized with NAG neurons. At this stage, when pups are initiating independent ingestion, we report that: (1) leptin is an excitatory signal to NAG neurons, and (2) NAG neurons do not express functional K ATP channels. As the animals progress through the third and fourth postnatal weeks, leptin signaling progressively transitions to the adult phenotype.
Spatial and temporal pattern of leptin receptor expression during postnatal development
Studies from several independent labs demonstrated differences in the regulation of energy balance by leptin between adults and neonates (Mistry et al., 1999; Ahima and Hileman, 2000; Proulx et al., 2002) . Our neuroanatomical studies show that, during the first 2 weeks of postnatal life, LepRb expression is limited to the ventral medial portion of ARH and is primarily colocalized with NAG neurons, suggesting that POMC neurons may not yet play a role in energy homeostasis. Consistent with these results, previous studies have shown that Pomc mRNA expression in ARH first increases in the third week of postnatal life (Mann et al., 1999; Ahima and Hileman, 2000) . The developmental delay in leptin receptor expression in POMC neurons could, in theory, act to promote the orexigenic drive needed to support the rapid growth of neonates. Moreover, at this age, leptin does not reduce body weight in neonatal rodents (Mistry et al., 1999; Proulx et al., 2002) . As young animals reach prepuberty in the fourth week, we observed that the distribution of LepRb in NAG and POMC neurons transitions to the adult phenotype. In this study, a delay in the appearance of Lepr-TOM ϩ pSTAT3 ϩ double-positive cells relative to TOM ϩ or P-Stat3 ϩ cells could stem from several possible causes. TOM ϩ cells could represent neurons: (1) in which the downstream Stat3 pathway is not yet activated, (2) that are activated with a different temporal pattern, or (3) that transiently expressed Lepr (Caron et al., 2010) . PStat3 ϩ cells could represent neurons: (1) that have low expression of Lepr and thus have not had enough Cre to direct recombination (Scott et al., 2009) or (2) that are activated by other Lepr ϩ neurons (Zeltser et al., 2012) .
Leptin modulates NAG neuronal activity during postnatal development
Although food intake is not regulated by leptin in the neonatal period, previous studies established that leptin acts as a neurotrophic factor for the development of ARH neuronal projections (Bouret et al., 2004b (Bouret et al., , 2012 . Follow-up studies revealed that NAG neurons projecting to the autonomic nervous system are preferentially responsive to leptin signals in the neonatal period (Bouyer and Simerly, 2013 using both immunohistochemical and electrophysiological approaches, that exogenous leptin can activate NAG neurons during the second week of postnatal life. Leptin induces a significant depolarization in the membrane potential of NAG neurons at P15 and P21-P23, but there was no correlation of spontaneous firing activity under these conditions. In this study, we examined pStat3 activation 45 min after leptin injection. However, there is the possibility of different kinetics of pStat3 activation throughout development, and further studies are needed to investigate this.
Our focus in this work was to investigate the ontogeny of leptin signaling in NAG neurons during postnatal development. The electrophysiological properties of the conductance that causes membrane depolarization in NAG neurons by leptin were not studied. Nevertheless, the depolarizing effects of leptin on NAG neurons during development could be attributed to the lack of functional K ATP channels. In general, the opening of K ATP channels causes membrane hyperpolarization and reduction of electrical activity. Conversely, inhibition of K ATP channels causes the opposite effect, leading to membrane depolarization and increases of electrical activity through an influx of Ca 2ϩ ions via voltage-gated calcium channels (VGCC) (Chapman et al., 1999) . Activation of K ATP channels by leptin reduces intracellular calcium concentration [Ca 2ϩ ] i and inhibits VGCC currents in adult NAG neurons (Wang et al., 2008) . As NAG neurons express L-type calcium channels, it is possible to speculate that leptin depolarizes neonatal NAG neurons through the activation of transient receptor potential channels (Qiu et al., 2010) and then increases [Ca 2ϩ ] i through VGCC channels. There was a difference in the membrane potential of leptinmediated depolarization in the presence of tolbutamide at P13-P15. However, these results were not statistically significant, raising the possibility that tolbutamide could block other ion channels in a nonspecific manner at this age. Our studies using diazoxide support this theory because no changes in the firing rate or membrane potential of NAG neurons at P13-P15 were observed.
Animals initiate autonomic feeding behavior and are weaned at ϳP21. Our results showed that leptin's effects on NAG neurons progressively transition to the adult phenotype after weaning. The percentage of NAG neurons inhibited by leptin (as defined by membrane hyperpolarization) increases from 25% at P21 to 66% by P30. However, according to a previous study, leptin's regulation of food intake is not evident until P28 (Mistry et al., 1999) . It is possible that leptin is unable to decrease food intake until hypothalamic circuits are completely developed at the end of the fourth week (Grove et al., 2005) . Although our data suggest that functional K ATP channels are essential for the ability of leptin to inhibit NAG neurons, further research is needed to clarify the underlying mechanisms for the switch of leptin actions on NAG neurons from stimulatory to inhibitory.
The ontogeny of leptin inhibitory effects on NAG neurons
The importance of K ATP channels in the regulation of energy homeostasis is well established (Sohn et al., 2013) . Previous stud- Figure 9 . Development of K ATP channels in NAG neurons. A-E, RT-PCR mRNA expression for inward rectifying potassium channels subunits Kir6.1 and Kir6.2, the sulfonylurea receptor subunits 1 and 2 (SUR1 and SUR2), and AgRP, in ARH of NPY-hrGFP mice at the following ages: P13-P15, P21-P23, P25-P27, P30, and adult (left). Amplify-stained PCR products of expected sizes (Kir6.1 448 bp, Kir 6.2 256 bp, SUR1 475 bp, SUR2 215 bp, and AgRP 247 bp). ϪcDNA indicates those in which cDNA was omitted from the PCR. ARH micro-punches were pooled from 4 animals for each age. These experiments were replicated three different times (60 animals). Representative traces from individual age matched neurons in current-clamp mode showing the effects of diazoxide 50 M (right).
ies have shown that K ATP channels are expressed in multiple hypothalamic areas, including the ventromedial hypothalamic nucleus, lateral hypothalamic area, and ARH (Ashford et al., 1990; Ibrahim et al., 2003; Wang et al., 2004; Claret et al., 2007) . Functional K ATP channels consist of four pore-forming subunits Kir6.x (Kir6.1 or Kir6.2) and two regulatory subunits SURx (SUR1, or SUR2) (Hibino et al., 2010) . Our PCR studies showed that all four subunits of K ATP channels are expressed in ARH after P21. In addition, our electrophysiological studies at this age are consistent with the involvement of Kir6.2 and SUR1 as one of the pore-forming combinations in NAG neurons. However, we cannot rule out that other pore subunit combinations of K ATP channels may occur in ARH because we also detected Kir6.1 and SUR2 transcription. Although we have provided the first evidence of leptin-mediated depolarization of NAG neurons, further studies are needed to elucidate the interaction between ATP and K ATP channels in NAG neurons during development.
K ATP channels are involved in the metabolic effects of leptin in ARH. In adult NAG neurons, acute inhibition of cellular activity by leptin is mediated through the activation of K ATP channels via the PI3-K signaling cascade (Myers et al., 2008) . Here, we demonstrated that expression of functional K ATP channels in ARH does not occur until the end of the third week of life. Consistent with these results, sulfonylurea receptor binding studies in the rat hypothalamus showed that binding levels increased from P21 to P35 and were slightly reduced by P120 (Xia and Haddad, 1991; Xia et al., 1993) . In addition, during the first two postnatal weeks in the rodent, leptin levels are 2 or 3 times higher than in the adult (Ahima et al., 1998) . However, leptin does not inhibit growth, acute ingestion, or energy expenditure during this period in mice and rats (Grove et al., 2005) . Because this is an important growth period, a delay in the expression of K ATP channels in the NAG neurons until the end of the third week could act to maximize food consumption needed to support rapid growth.
Implications for understanding how postnatal leptin influences/programs feeding circuits As the preautonomic subpopulation of NAG neurons is reported to be preferentially sensitive to the neurotrophic effects Figure 10 . Functional characterization of K ATP channels in NAG neurons during postnatal development. A, Diazoxide 50 M was applied for 6 min and did not change the mean of fire rate or the membrane potential during the entire application in 6 neurons from 6 animals at P13-P15. B-E, Diazoxide-induced responses decreased the fire rate and hyperpolarized the membrane potential of neurons at P21-P23 (5 of 9 neurons, 2 animals), P25-P27 (5 of 7 neurons, 3 animals), P30 (7 neurons, 2 animals), and adults (6 neurons, 3 animals). Bar graphs represent the magnitude of the diazoxide-dependent hyperpolarization in neurons for each age. Results are mean Ϯ SEM. ***p Ͻ 0.001 (paired t test). ****p Ͻ 0.0001 (paired t test). DX, Diazoxide.
of leptin in the neonatal period (Bouyer and Simerly, 2013) , it is possible that these are the same neurons that we found to be depolarized by leptin. If this is the case, because optogenetic activation of preautonomic NAG neurons is sufficient to direct food intake (Atasoy et al., 2012) , it raises the possibility that leptin's actions on these neurons during the postnatal period may generate an orexigenic drive to fuel rapid growth. In agreement with this hypothesis, previous studies reported that administration of leptin at low doses enhances body mass in neonatal rodents (Kraeft et al., 1999; Mistry et al., 1999) and can rescue physiological consequences of maternal undernutrition (Vickers et al., 2005) . In contrast, treatment of neonatal rodents with a leptin antagonist was associated with a transient reduction in body weight gain (Attig et al., 2008) . Further studies are needed in this area to characterize the effects of leptin as an orexigenic signal during the rapid growth phase of rodents in the preweaning period.
